Introduction
Silicon nitride has many good characteristics for use in gas turbines operating at high temperatures.
However, much higher fracture toughness is necessa ry for this application. If the grain-boundary phase has different thermal expansion coefficient from that of Si3N4, the resultant residual stress should also contribute to the toughening. To demonstrate this, the present study was also conducted for a Si3N4 ceramics sintered with an aid of Yb2O3.
Experiment
Two types of samples were prepared: (i) Si3N4 sin tered with an aid of 10.6vol% Yb2O3, and (ii) Si3N4 -TaSi2 composite with TaSi2 particles of 5, 10 and 15 volume fractions, in which Si3N4 are similarly sin tered with an aid of 10.6vol% Yb2O3. The Si3N4 powder used in the present study had a purity level of 99.99% with respect to cations, a specific surface area of 20m2/g, and an alpha phase content of 90%. The Yb2O3 had purity of 99.9% and an average particle size of 1.0m. The TaSi2 was 99% pure and had an average particle size of 3m. These raw materials were processed by ball-milling using Si3N4 balls in methanol for 48h in a poly ethylene jar.
The Si3N4 monolith specimens were densified by hot-pressing for 30min at a pressure of 36MPa at three temperatures of 1650, 1700, and 1750. The Si3N4-TaSi2 composites were also hot-pressed at 1750 for 30min under 36MPa.
Specimens for fracture toughness and residual stress measurements were polished to a mirror finish. Fracture toughness was measured by a Vick ers indentation technique with a 20kg load at 15-sec ond holding time. The toughness was calculated by Niihara's equation. 6) Residual stress was measured by the so-called 2-sin2 method using X-ray diffraction at a 2 angle of 142deg. where Cu K radiation was excited at 40 kV and 50mA. In this technique the diffraction an gle 2 of a particular diffraction peak (323) for beta -Si3N4 was measured as a function of specimen tilt an gle, . The differentiated form of Bragg's law described by Eq. (1) was used for the calculation.
d/d=-cot•4 (1) where d is the lattice spacing of the diffraction planes whose Bragg angle is 2. Subsequently 2 is plotted against sin2, where the slope is proportional to the residual stress. The residual stress is then given by the product of S and M which are given by Eqs. (2) and (3).
Where, E and v are Young's modulus and the Pois son ratio of Si3N4, respectively.
The alpha/beta ratios of the densified bodies were determined by the X-ray diffraction method using the intensities of the (210) peaks for alpha-Si3N4 and beta-Si3N4 in the 2 range of 33 to 37.7) 
Results and discussion
The fracture surfaces of Si3N4 monolith specimens hot-pressed at 1650 and 1750 are shown in Fig.  1 . At 1650 the Si3N4 monolith showed fibrous structure ( Fig. 1 (a) ). A similar structure with a larg er grain diameter is seen at 1750 ( Fig. 1(b) ). The beta-phase content of the densified body, the apparent fracture toughness and the residual stress are listed in Table 1 for all specimens.
The beta-phase content of the Si3N4 monoliths de pended on the sintering temperature, increasing from 52% at 1650 to 83% at 1750. Both the ap parent fracture toughness and the residual compres sive stress increased with the increase in sintering temperature. The increase in fracture toughness with increasing the aspect ratio of Si3N4 grains is previously reported in the literature.8) The variation in residual stress will be discussed later. The indenta tion cracks propagated intergranularly and trans granularly in these samples, as shown in Fig. 2 .
Enhancement
of Fracture Toughness by Residual Stress in Si3N4 Composites of Si3N4 was beta phase regardless of the TaSi2 con tent. Addition of TaSi2 particles did not affect the Si3N4 grain size, while sintering temperature has a strong effect on grain growth of Si3N4, as shown in Fig. 2 . The apparent fracture toughness and residual compressive stress both increased with increasing TaSi2 content, as shown in Fig. 3 . The apparent frac ture toughness of 15vol% TaSi2 composite, 8.9 MPam1/2, is significantly higher than the toughest Si3N4 monolith. The indentation crack for the 15 vol% sample is shown in Fig. 2(c) , where the bright phase is TaSi2 and the crack propagates in a complex manner. Table 2 . The material constants necessary for the numerical cal culation. Fig. 3 . Apparent fracture toughness and residual compressive stresses for Si3N4-TaSi2 composites . Table   2 . Assumption was made that the Si3N4 matrix and the TaSi2 particle are isotropically elastic and the TaSi2 phase is spherical.
The temperature difference undergone was assumed to be 800. Good agree ment was obtained between the calculated residual stress value and the value measured using X-ray stress analysis, as shown in Fig. 4 .
To elucidate the influence of the residual stress on fracture toughness, the data in Table 1 are plotted in creases linearly with increasing residual compres sive stress. The difference in residual stress between the Si3N4 monolith specimens hot-pressed at 1700 and 1750 is understood to be due to different extents of dissolution of Si3N4 into the grain-boundary phase during densification11) and hence due to the differ ence in overall thermal expansion mismatch.
Since the thermal expansion coefficient of TaSi2 is much larger than that of Si3N4, Si3N4 grains should have large compressive stresses in the Si3N4-TaSi2 composite. The compressive stress makes difficult for cracks to propagate and thereby increases the fracture toughness.
Conclusion
The higher fracture toughness of the Si3N4-TaSi2 composite than that of Si3N4 monolith confirms that the fracture toughness is enhanced by the residual compressive stress caused by the higher thermal ex pansion coefficient of the added particles than that of the Si3N4 matrix.
The results suggest that further improvement of the fracture toughness can be achieved (1) by choos ing particles with higher Young's modulus and ther mal expansion coefficient for the reinforcement, or (2) by selecting a grain boundary phase which pro vides higher differences in Young's modulus and thermal expansion coefficient from Si3N4.
